Drawbacks associated with permanent metallic implants lead to the search for degradable metallic biomaterials. Magnesium alloys have been highly considered as Mg has a high biocorrosion potential and is essential to bodies. In this study, corrosion behaviour of pure magnesium and magnesium alloy AZ31 in both static and dynamic physiological conditions (Hank's solution) has been investigated. It is found that the materials degrade fast at beginning, then stabilize after 5 days of immersion. High purity in the materials reduces the corrosion rate while the dynamic condition accelerates the degradation process. In order to slow down the degradation process to meet the requirement for their bio-applications, an anodized coating is applied and is proved as effective in controlling the biodegradation rate.
Introduction
Magnesium and its alloys have been widely used as structural materials in aerospace and automotive industries as well as in consumer electronics, benefiting from their light-weight property. Poor corrosion resistance of magnesium is a big concern in those structural applications, however, in biomedical applications, the high reactivity of magnesium in corrosive media can be used as an advantage. Magnesium alloys have been considered as candidate materials for biodegradable orthopaedic implants [1] and vascular stents [2] . Notable work in this direction has been done over the last years [3] [4] [5] [6] . A first report on human trials that has just been published [7] has demonstrated the viability of Mg based vascular stents.
While fast corrosion kinetics is generally beneficial in biodegradable implants, the problem for magnesium alloys is that their corrosion rate is too high. In this study, the biodegradation behaviour of high purity magnesium and commercial purity magnesium alloy AZ31 in the physiologically simulated solution is investigated. In order to slow down the degradation process, an anodizing technique has been developed and an acceptable degradation rate for the practical implant applications is achieved.
Experimental Procedures
The materials used in this study are as-cast high purity magnesium (HP-Mg) with iron content lower than 10 ppm and commercial purity AZ31 magnesium alloys with iron content 30 ppm. HP-Mg and AZ31 samples were cut into 20×20×4 mm and polished finishing with 4000 grid SiC paper. Degradation tests were conducted by immersing the specimens in a Hank's balanced salt solution with a composition: CaCl 2 0.14 g/l, KCl 0.4 g/l, NaCl 8.0g/l, MgSO 4 0.1 g/l, KH 2 PO 4 0.06 g/l, NaHPO 4 0.05 g/l and D-Glucose 1.0 g/l. The immersion test was conducted in both static and dynamic conditions. The static test was used to simulate the applications of hard replacement in human physiological environment and the dynamic test was used to simulate the implantation applications in vessels (like stents). The specimens were suspended in Hank's solution for 1, 2, 5, 10, 15 and 20 days. The pH of the solution was monitored and maintained at a value of 7. After the specified immersion time, the specimens were taken out and observed in an optical microscope for surface appearance. The specimens were then washed with a solution containing CrO 3 and AgNO 3 to remove the corrosion products and weighed. Three samples were used for each immersion time. The electrochemical measurements were also conducted to evaluate the corrosion resistance of the specimens.
Anodized coating was applied to the surface of the specimens to slow down the excessive degradation rate. The coating was prepared in a solution of 12% NaOH, 10% Na 4 B 2 O 7 10H 2 O and 6.6% Na 2 SiO 3 for 10 minutes and then in solution of 1.0% KOH and 1.6% K 2 SiO 3 for another 10 minutes.
Results and Discussion
Degradation behaviours of HP-Mg and AZ31. The degradation behaviour of the high purity Mg and commercial purity AZ31 was tested in static and dynamic Hank's balanced salt solution. Fig. 1 shows the surface appearance of the AZ31 samples after various immersion times. In the static condition, it exhibited typical localised pitting corrosion with some areas un-corroded, while the dynamic samples had severer but more uniform corrosion attack. The weight loss after a preset number of days of immersion was measured for all samples. The degradation rate was calculated as grams per exposure-area per day, and was then converted to thickness loss rate of a constant area, in millimetre per year. The results are plotted in Fig. 2 . The degradation process, starting off with a high rate, was seen to slow down to a stable rate after about 5 days of immersion. In the static test condition, the degradation rate was much lower. After the initial rapid degradation, the AZ31 samples stabilized at 0.28 mm/year, while the HP-Mg samples exhibited even lower gradation rate, at 0.19 mm/year. In the dynamic test condition, the degradation rate was high and its rapid decrease at beginning was more obvious. Both materials were started with about 2.2 mm/year, and then AZ31 sample stabilized at about 1.3 mm/year and HP-Mg at 0.8 mm/year. During the degradation process, Mg was corroded away, forming Mg(OH) 2 as the main corrosion product. In the Hank's solution, Mg 3 (PO 4 ) 2 and MgCO 3 could also be produced. These corrosion products accumulated on the sample surface, forming a protective film. XPS analysis of the corroded samples had confirmed their existences. The protective film retarded the corrosion process and decreased corrosion rate. This explained why the degradation rate was high at beginning and was reduced afterwards. Such protection film would be easier to form and be more stable in static condition than in dynamic condition, where the solution is constantly flowing. This is why the The polarisation curves of HP-Mg and AZ31 samples were measured in order to verify the corrosion behaviours observed in the immersion test. After Tafel simulation, the corrosion current density of HP-Mg was 2.2×10 -6 A/cm 2 and the corrosion potential was about -1.6V, compared with 4.34 ×10 -6 A/cm 2 and -1.46V respectively in AZ31. The values revealed that HP-Mg had a lower corrosion density than AZ31, indicating that high purity Mg was more corrosion resistant than commercial purity material. It can be concluded that high purity in the magnesium materials can effectively reduce their degradation rate in Hank's solution. It should be noted that with the same purity level, alloying also reduces the degradation rate [8] .
Anodized coatings. Another approach to reduce the degradation rate is surface coating. It has been approved that anodizing is very effectively in magnesium alloys to slow down the corrosion process [8] . In addition, anodized coating provides more wear resistance compared with other coating techniques such as conversion coating and fluoridated coating. Anodized coating is usually porous and ceramic-like, which might also be favourable for bone growth. Fig. 3(a) shows a typical microstructure of the anodized coatings produced in this study. The size of the pores varied with the processing parameters, at about several micrometers. Chemical analysis and high-resolution XPS analysis showed that the anodized coating mainly consisted of Mg(OH) 2 , MgSiO 3 and small amount of MgCO 3 (formed by reacting with CO 2 in the air). AZ31 samples with anodized coating were immersion in Hank's solution. After 14 days of immersion, the anodized coating still remained in good shape. The appearances of the anodized samples after immersion are shown in Fig. 3(b) and (c). It demonstrated that anodized coating provided a good corrosion resistance for AZ31 Mg alloy in the Hank's solution. 
Summary
The bio-degradation behaviour of high purity Mg and commercial purity AZ31 Mg alloy was evaluated in static and dynamic conditions. The degradation is rapid at the beginning and is gradually stabilized at a constant rate. The corrosion products from the degradation process forms a protection film on the sample surface. In dynamic condition, the protective film is not stable, resulting in a higher degradation rate. Besides alloying, high purity also reduces the corrosion rate of magnesium and its alloy in Hank's solution. Anodized coating is another effective method to significantly reduce the degradation rate and achieve a controllable degradation.
